Abstract. Methamphetamine interacts with sigma receptors at physiologically relevant concentrations suggesting a potential site for pharmacologic intervention. In the present study, a previous sigma receptor ligand, CM156, was optimized for metabolic stability, and the lead analog was evaluated against the behavioral effects of methamphetamine. Radioligand binding studies demonstrated that the lead analog, AZ66, displayed high nanomolar affinity for both sigma-1 and sigma-2 receptors (2.4±0.63 and 0.51± 0.15, respectively). In addition, AZ66 had preferential affinity for sigma receptors compared to seven other sites and a significantly longer half-life than its predecessor, CM156, in vitro and in vivo. Pretreatment of male, Swiss Webster mice with intraperitoneal (10-20 mg/kg) or oral (20-30 mg/kg) dosing of AZ66 significantly attenuated the acute locomotor stimulatory effects of methamphetamine. Additionally, AZ66 (10-20 mg/kg, i.p.) significantly reduced the expression and development of behavioral sensitization induced by repeated methamphetamine administration. Taken together, these data indicate that sigma receptors can be targeted to mitigate the acute and subchronic behavioral effects of methamphetamine and AZ66 represents a viable lead compound in the development of novel therapeutics against methamphetamine-induced behaviors.
INTRODUCTION
Methamphetamine is currently one of the most abused illicit substances worldwide (1, 2) . It is a highly addictive psychostimulant whose acute effects include hyperthermia, hypertension, severe cardiac pathologies, and potential convulsions (2, 3) . Prolonged abuse of methamphetamine can result in significant neurological changes that lead to addiction, drug seeking behavior, and eventual drug dependence (1) (2) (3) (4) . Currently, there is a lack of medications designed to treat either the detrimental physiologic effects of methamphetamine or the addiction liability associated with its use. There have been a substantial amount of clinical trials conducted with drug candidates aimed at treating the addictive properties of methamphetamine; however, at this time, there are still no FDA-approved pharmacotherapies for methamphetamine dependence (5) . Innovative strategies are essential for the development of pharmaceutical agents intended to treat the negative effects of methamphetamine abuse.
Sigma receptors represent a novel target for the development of new therapeutics intended to treat methamphetamineinduced effects. There are currently two known subtypes of sigma receptors, designated sigma-1 and sigma-2. Sigma-1 receptors are 223-amino acid proteins that are distinct from any other known mammalian protein (6) . Sigma-1 receptors have been cloned and have a high level of homology among differing species (6) . They can translocate between intracellular compartments where they are able to modulate signaling pathways and intracellular calcium signaling, interact with specific ion channels, and affect neurotransmitter synthesis, release, and reuptake (7) (8) (9) (10) (11) (12) (13) . Much less is known about sigma-2 receptors, as these receptors have yet to be cloned and truly selective sigma-2 receptor ligands are currently lacking. Sigma-2 receptors are believed to be involved in cellular survival and modulate calcium signaling through sphingolipid products (14) (15) (16) (17) .
Methamphetamine, in addition to interacting with monoamine transporters, interacts with both subtypes of sigma receptors at physiologically relevant concentrations (18) . Repeated administrations of methamphetamine have been shown to increase binding of the sigma receptor ligand [ rats trained to self-administer methamphetamine (20) . These studies provide evidence that sigma receptors may, in part, be involved in the neuroadaptive changes that occur with repeated methamphetamine exposures.
The methamphetamine-induced changes in sigma receptor expression levels appear to have functional and behavioral consequences. Two different sigma receptor antagonists, MS-377 ((R)-(+)-1-(4-chlorophenyl)-3-[4-(2-methoxyethyl)piperazin-1-yl]methyl-2-pyrrolidinone L-tartrate) and BMY 14802 (α-(4-flourophenyl)-4-(5-flouro-2-pyrimidinyl)-1-piperazine), have been shown to prevent augmented responses to repeated methamphetamine administrations in rodents, using a paradigm known as behavioral sensitization (21, 22) . However, both of these compounds are unable to attenuate acute methamphetamine-induced behaviors (21, 22) . Additionally, the selective sigma receptor antagonists BD1047 ( [2-(3,4- 
, and AC927 (1-(2-phenethyl)piperidine oxalate) have been shown to attenuate many acute effects of methamphetamine, including methamphetamine-induced increases in locomotor activity and hyperthermia in rodent models (23) . These studies indicate that a selective sigma receptor ligand may attenuate some of the acute effects of methamphetamine administration in addition to preventing the neurological and behavioral changes associated with repeated methamphetamine exposures. It is yet to be determined as to whether a preferential sigma receptor ligand can actually reverse, in addition to prevent, the behavioral changes associated with methamphetamine-induced behavioral sensitization.
The purpose of the present study was to determine if the preferential sigma receptor ligand, AZ66 (3-(4-(4-cyclohexylpiperazin-1-yl)pentyl)-6-flourobenzo[d]thiazol-2(3H)-one), is able to attenuate the acute behavioral effects of methamphetamine and, in addition, prevent the development and block the expression of methamphetamine-induced behavioral sensitization. AZ66 is an optimized sigma receptor ligand derived from a previously studied selective sigma receptor antagonist, CM156 (3-(4-(4-cyclohexylpiperazin-1-yl)butyl)benzo[d]thiazole-2(3H)-thione), that has been reported to attenuate many cocaineinduced behaviors (24) . Further drug development of CM156 was halted due to an exceedingly short half-life (24) , and AZ66 was synthesized to avoid the metabolism issues associated with CM156. Herein, we report that AZ66, a novel sigma receptor preferring ligand, is capable of being administered orally and attenuates many methamphetamine-induced behaviors, including the development and expression of behavioral sensitization.
METHODS

Synthesis of AZ66
The synthetic scheme for AZ66 is shown in Fig. 1 . Commercially available 4-fluoroaniline (1), hydrochloride was refluxed in water with NH 4 SCN for 4 h to afford compound 2 after recrystallization from ethanol. A solution of bromine in chloroform was added to compound 2 at 0°C and subsequently refluxed for 2 h to afford compound 3. Compound 3 was stirred with KOH to afford compound 4. Compound 4 was treated with carbonyl-1,1′-diimidazole under reflux for 3 h to provide the fluorinated benzothiazolone 5. Benzothiazolone 5 was alkylated with 1,4-dibromopentane in dimethylformamide (DMF) at 60°C over 3 h to afford compound 6. Compound 6 was reacted with commercially available cyclohexyl piperazine to afford AZ66. AZ66 was subsequently converted to the hydrochloride salt for biological studies. Elemental analysis (C, H, N) of AZ66 was determined using a Perkin-Elmer CHN/SO Series II Analyzer. Obtained results were within 0.4% of the theoretical values.
Drugs and Reagents
Methamphetamine hydrochloride was obtained from Sigma-Aldrich (St. Louis, MO, USA). Radioligands for binding studies were purchased from Perkin-Elmer (Boston, MA, USA). Other chemicals which were used for the radioligand binding studies were obtained from standard commercial sources (Sigma-Aldrich, St. Louis, MO, USA).
Animals
Male, Swiss Webster mice (21-30 g, Harlan, Indianapolis, IN, USA; Frederick, MD, USA) were used in the present experiments. The mice were housed in groups of four to six with Fig. 1 2 of floor space (Tecniplast, Philadelphia, PA, USA), which was covered with corn cob bedding and packing material (ULINE, Waukegan, IL, USA). The mice were acclimated for 1 week before being used in experiments, and they were randomly assigned to their treatment groups. Two different shipments of mice were used for each experimental group, regardless of the sample size. Male, Sprague Dawley rats were used for the pharmacokinetic studies. All procedures were performed as approved by the Institutional Animal Care and Use Committees at the West Virginia University Health Sciences Center and the University of Mississippi.
Radioligand Binding Studies
The radioligand binding assays were preformed in rat brain homogenates using methods previously described in detail (25, 26) . Briefly, sigma-1 receptors were labeled with 5 nM [
3 H](+)-pentazocine, and sigma-2 receptors were labeled with 3 nM [
3 H]di-o-tolylguanidine in the presence of 300 nM (+)-pentazocine to block sigma-1 receptors. Nonspecific binding was determined in the presence of 10 μM haloperidol. All of the assays were terminated with the addition of ice-cold buffer and rapid vacuum filtration over glass fiber filters. Separate synthetic batches of AZ66 were used in this study, and their K i values were averaged together to obtain a mean binding affinity.
In Vitro Metabolism Studies
In order to confirm AZ66 had an increased metabolic stability compared to its parent compound, CM156, in vitro metabolism studies were conducted. AZ66 was evaluated in liver microsomes prepared from rat using standard procedures. AZ66 (5 μM) was incubated at 37°C in 50 mM potassium phosphate buffer (pH 7.4), 3 mM MgCl 2 , and 1 mM EDTA (pH 7.4), in the presence and absence of cofactor, NADPH-generating system [1 mM NADP (pH 7.4), 5 mM glucose 6-phosphate (pH 7.4), and 1 U/ml glucose-6-phosphate dehydrogenase]. Reactions were initiated by adding the cofactor mix and terminated at designated time points (0, 15, 30, and 60 min) with the addition of stop reagent (adding equal volume of ice-cold acetonitrile). The samples were centrifuged 10,000 rpm for 10 min at 4°C. The supernatants were collected and analyzed using ultra performance liquid chromatography (UPLC)/mass spectrometry/mass spectrometry.
The UPLC system consisted of a Waters Acquity UPLC (Milford, MA, USA) equipped with a binary solvent manager, vacuum degasser, and an autosampler. Chromatographic separations were performed on an Atlantis dC18 column (2.1× 50 mm). The mobile phase consisted of 10 mM ammonium acetate containing 0.1% acetic acid and methanol (25:75, v/v) and pumped at a flow rate of 0.18 ml/min. The injection volume was 10 μl. A Micromass Quattro Micro™ system (Waters Corp., Manchester, UK) equipped with electrospray ionization source was used for the mass spectrophotometric detection. The electrospray ionization source was operated in positive ionization mode. The acquisitions were performed using multiple reaction monitoring. The mass transitions chosen for quantitation were m/z 405→m/z 181 for AZ66 and m/z 448→m/z 285 for aripiprazole (internal standard). The mass spectrophotometer parameters were optimized for maximum analyte detection: capillary voltage 4.88 kV, cone voltage 44 V, and argon was used as the collision gas at 3.5×10 −3 Pirani. Collision energies were set at 30 and 21 eV for AZ66 and aripiprazole, respectively.
In Vivo Metabolism Studies
To further evaluate the metabolic stability of AZ66, pharmacokinetic studies were performed in vivo. Briefly, blood samples from male, Sprague Dawley rats (n =5) outfitted with indwelling catheters in the jugular vein were collected. An initial blood volume of 0.1 ml was withdrawn to clear the line. A fresh syringe was used to withdraw a 0.15-ml blood sample. This and all subsequent blood samples were placed in heparinized microfuge tubes at 0°C. The rats were administered 20 mg/kg AZ66 orally (p.o.). Timed blood samples were then collected for up to 36 h. For each blood sample, plasma was separated by centrifugation at 10,000 rpm for 10 min at 4°C. AZ66 was quantified using ultra performance liquid chromatography/mass spectrometry/mass spectrometry as described above.
Locomotor Activity
Locomotor activity was measured as an index of the stimulant effects of methamphetamine using an automated activity monitoring system (San Diego Instruments, San Diego, CA, USA). The mice were given 30-60 min to acclimate to the testing room before being habituated to the testing chambers for an additional 30 min. Each testing chamber consisted of a 16×16 photobeam array to detect lateral movements and a separate 16 photobeam array to detect rearing by the animals. Ambulatory, fine, and rearing movements were quantified to give an overall locomotor activity score.
Mice (n=24) were divided randomly into four treatment groups for the dose-response study. They received a pretreatment of saline 15 min prior to a dose of methamphetamine (0.1-5.0 mg/kg, i.p.). The mice were then returned to the testing chambers, and their activity was quantified for 30 min.
For the acute locomotor studies, mice (n=65) were randomly assigned into a treatment group and pretreated with either saline or AZ66 (0-20 mg/kg, i.p.), followed 15 min later by either saline or a stimulant dose of methamphetamine (1 mg/kg, i.p.). The mice were then returned to the testing chambers, and their activity was quantified for the next 30 min. The evaluation of AZ66 in combination with saline or methamphetamine allowed the determination of the effects of AZ66 alone, as well as its ability to mitigate the stimulant actions of methamphetamine.
For the oral administration studies, mice (n=42) were pretreated by oral gavage (p.o.) with either distilled water (0.1 ml/10 g) or AZ66 (20-30 mg/kg), and locomotor activity was recorded for 30 min after receiving an i.p. injection of either a stimulant dose of methamphetamine (1 mg/kg) or saline (0.1 ml/10 g). Pretreatment time was 120 min, based on the pharmacokinetic parameters (T max ) of AZ66.
Behavioral Sensitization
The mice were acclimated to the treatment room for 60 min and then individually to a testing chamber for 30 min on each day.
Locomotor activity was monitored on days 1, 2, 3, 4, 5, 6, 7, and 15 for 30 min immediately after the treatments by using an automated activity monitoring device (San Diego Instruments, San Diego, CA, USA).
For the dose-response study, mice (n=12) were randomly assigned to one of four treatment groups. On days 1-7, mice received saline pretreatment followed 15 min later by either saline or methamphetamine (0.1, 0.5, or 1 mg/kg, i.p.). After an 8-day drug-free period, which allowed the drugs and their metabolites to be washed out, mice were administered either saline or methamphetamine (0.1, 0.5, and 1 mg/kg, i.p.).
For the development of sensitization studies, mice (n=36) were randomly assigned to one of six treatment groups as shown in Table I and injected i.p. once a day for seven consecutive days. The two injections making up each treatment were separated by a 15-min pretreatment period; the dose of methamphetamine used was 1 mg/kg. Treatments on days 1 to 7 were followed by an 8-day drug-free period, and then all of the mice were challenged on day 15 with methamphetamine (1 mg/kg i.p.).
For the expression of sensitization studies, mice (n=42) were randomly assigned to one of six treatment groups as shown in Table I and injected once a day (i.p.) for seven consecutive days with either saline or methamphetamine (1 mg/kg, i.p.). After an 8-day drug-free period, pretreatment with AZ66 (10-20 mg/kg, i.p.) or saline was administered 15 min prior to methamphetamine (1 mg/kg, i.p.).
Statistical Analyses
The data from the radioligand binding assays were analyzed using GraphPad Prism 4.0 (San Diego, CA, USA) to calculate IC 50 values. Apparent K i values were then calculated using the Cheng-Prusoff equation and K d values determined in separate saturation assays (27) . The data from the acute locomotor activity measurements, development, and expression of sensitization studies were analyzed using GraphPad Prism 4.0 (San Diego, CA, USA) using an analysis of variance (ANOVA). Significant ANOVAs were followed by post hoc Dunnett's tests for comparisons to control or Bonferroni's tests for other pairwise comparisons. p<0.05 was considered statistically significant for all behavioral tests.
RESULTS
Competition Binding Assays
The average binding affinities of AZ66 for sigma-1 and sigma-2 receptors, in addition to seven other sites, are listed in Table II . AZ66 bound to both sigma-1 and sigma-2 receptors with nanomolar affinities (batch 1 had a sigma-1 affinity of 1.20±0.15 nM and a sigma-2 affinity of 0.31± 0.09 nM; batch 2 had a sigma-1 affinity of 3.50±0.13 nM and a sigma-2 affinity of 0.66±0.15 nM). In addition, AZ66 had a >200-fold preference for sigma receptors compared to the other sites tested. However, AZ66 displayed a moderate to 
In Vitro Metabolism Studies
The in vitro half-life of AZ66 in rat liver microsomes was 115±5 min, significantly higher than its predecessor CM156 (5 min).
In Vivo Metabolism Studies
The pharmacokinetic parameters associated with oral dosing of AZ66 (20 mg/kg) were area under the curve (158.22± 2.79 μg h/ml); half-life, T 1/2 (8.79±0.10 h); maximum concentration, C max (0.30±0.02 μg/ml); mean residence time (8.82± 0.24 h); volume of distribution, V d (78.06±0.85 l/kg); apparent oral clearance at steady state, Cl ss /F (6.15±0.11 l/h/kg); and time to reach maximum concentration, T max (2.00±0.22 h). The oral bioavailability was 58.17%.
Locomotor Activity
Methamphetamine produced an inverted U-shaped dose-response for locomotor activity (Fig. 2a) ; peak locomotor stimulant effects were observed at 1 mg/kg, which was thereafter administered as the challenge dose of methamphetamine for further studies. One-way ANOVA confirmed that the differences between methamphetamine doses were statistically significant (F(4,29)=10.92, p<0.0001). Post hoc analysis using Dunnett's multiple comparison tests revealed that three doses of methamphetamine (0.5, 1.0, and 5.0 mg/ kg, i.p.) were significantly different from the saline control (Fig. 2a) .
Pretreatment with AZ66 prior to a stimulant dose of methamphetamine significantly attenuated methamphetamine-induced hyperactivity (Fig. 2b) . One-way ANOVA confirmed a significant difference between treatment groups (F(4,46)=12.81, p<0.0001). Post hoc analysis using Bonferroni's multiple comparison tests revealed a significant attenuation of methamphetamine-induced hyperactivity at two doses of AZ66 (10 and 20 mg/kg, i.p.). In the absence of methamphetamine, AZ66 had no significant effect on locomotor activity (Fig. 2b) .
To further evaluate the drug-like characteristics of AZ66, oral administration studies were conducted (Fig. 2c) . One-way ANOVA confirmed that there was a significant difference between all treatment groups (F(5,41)=19.01, p<0.0001). Post hoc analysis using Bonferroni's multiple comparison tests revealed a significant attenuation of methamphetamine-induced hyperactivity at both doses of AZ66 (20 and 30 mg/kg, p.o.). Similar to the i.p. studies, AZ66 displayed no significant effects in the absence of methamphetamine compared to saline-treated mice (Fig. 2c) .
Behavioral Sensitization
When a dose-response experiment was conducted to determine the optimal dose of methamphetamine needed to produce behavioral sensitization (Fig. 3) , methamphetamine dose-dependently increased locomotor activity on days 1-7, on and remained significantly higher on the challenge day (day 15) Post hoc Dunnett's test confirmed that methamphetamine-treated mice displayed a significantly higher locomotor activity in comparison to the saline-treated controls for days 1-7. Additionally, with the exception of the methamphetamine-treated group that demonstrated an elevated locomotor response on days 1-7, none of the other groups had significantly different locomotor activity as compared to the saline control group for any of the treatment days. Pretreatment with AZ66 (10 and 20 mg/kg, i.p.) before methamphetamine administration on days 1-7 significantly attenuated methamphetamine-induced increases in locomotor activity compared to saline+methamphetamine-treated mice. On the challenge day (day 15), when each of the groups were administered methamphetamine, mice that received methamphetamine on days 1-7 exhibited a significantly higher locomotor activity than mice that received saline on days 1-7 (t=7.22, p<0.001), indicative of behavioral sensitization (Fig. 4) . Mice that received AZ66 as a pretreatment to methamphetamine on days 1-7 demonstrated a significantly lower locomotor count compared to mice who received saline prior to methamphetamine on days 1-7: AZ66 10 mg/kg (t= 4.39, p<0.01) and AZ66 20 mg/kg (t=5.03, p<0.001) (Fig. 4) .
Expression of Behavioral Sensitization
ANOVA confirmed a significant difference between the methamphetamine-treated mice and saline-treated mice on days 1-7: day 1 (F(5,41)=23.67, p<0.0001), day 2 (F(5,41)= 43.07, p<0.0001), day 3 (F(5,41)=60.16, p<0.0001), day 4 (F (5,41)=54.48, p<0.0001), day 5 (F(5, 41)=43.45, p<0.0001), day 6 (F(5,41)=36.70, p<0.0001), and day 7 (F(5,41)= 40.05, p<0.0001). On the challenge day (day 15), there was still a significant difference between the treatment groups (F(5,41)=25.34, p<0.0001), and pretreatment with AZ66 significantly attenuated hyperactivity in mice that were sensitized (methamphetamine treatments on days 1-7). Post hoc Bonferroni's tests confirmed that pretreatment with both doses of AZ66 prior to methamphetamine administration on day 15 caused a significant attenuation of methamphetamine-induced hyperactivity in mice receiving saline on days 1-7 (10 mg/kg, t=4.03, p<0.01; 20 mg/kg, t= 4.67, p<0.001) and mice receiving methamphetamine on days 1-7 (10 mg/kg, t=5.03, p<0.001; 20 mg/kg, t=6.75, p<0.001). AZ66 pretreatment also attenuated acute increases in mice only receiving methamphetamine on day 15 (saline treatments on days 1-7) (10 mg/kg, t=6.15, p<0.001; 20 mg/kg, t=7.12, p< 0.001). Both doses of AZ66 were shown to have no significant effects in the absence of methamphetamine compared to salinetreated mice (Fig. 5) .
DISCUSSION
Previously studied sigma receptor ligands attenuate many of the behavioral effects of methamphetamine administration in rodent models (18, 21, 22, 26, 28) . Earlier studies have focused on the acute locomotor stimulant effects of methamphetamine in addition to the prevention of methamphetamine-induced behavioral sensitization. This study is the first to our knowledge showing that an optimized, orally bioavailable sigma receptor ligand attenuates the expression of methamphetamine-induced behavioral sensitization, in addition to mitigating the acute locomotor stimulant effects of methamphetamine and preventing the development of methamphetamine-induced behavioral sensitization. Radioligand binding studies demonstrated that AZ66 displays high nanomolar affinities for both sigma-1 and sigma-2 receptors and a >200-fold preference for sigma receptors compared to any other site tested. These values are significant in that AZ66 represents an orally active, metabolically optimized ligand for further drug development that retains sigma receptor affinity and selectivity. More importantly, in addition to retaining its affinity and selectivity as compared to its parent compound CM156, it appears to have enhanced pharmacologic activity.
In this study, both i.p. injection and p.o. dosing of AZ66 attenuated methamphetamine-induced increases in acute locomotor activity. Additionally, both doses of AZ66 attenuated methamphetamine-induced locomotor activity while producing no effects on their own, a characteristic that is indicative of antagonist-like properties. This is consistent with past reports of sigma receptor antagonists attenuating these behaviors (18, 23, 26) . Data from the present study support a role for sigma receptors in these effects and also show that a sigma receptor preferring compound administered orally can mitigate methamphetamine-induced hyperactivity. These protective effects are likely to involve both subtypes of sigma receptors; however, being that AZ66 has mixed affinity for both subtypes, the determination as to which subtype is responsible for the actions presented here cannot conclusively be made. Nevertheless, antisense oligonucleotide studies have shown that sigma-1 receptors play a role in the acute locomotor stimulant effects of methamphetamine (18) . Knockdown of sigma-1 receptors mitigate the locomotor stimulant effects of methamphetamine, and similar results are obtained through the use of sigma receptor antagonists (18) . However, sigma-1 receptor knockout mice still respond to methamphetamine suggesting a compensatory role for sigma-2 receptors (29), which is consistent with the reported ability of sigma-2 receptor agonists to produce motor activating effects (30) . It is thus likely that AZ66 acts as a sigma receptor antagonist at both subtypes to block the acute hyperactivity induced by methamphetamine.
AZ66 also prevents the development of methamphetamine-induced behavioral sensitization. These results demonstrate the ability of AZ66 to block the neurological changes associated with repeated administration of psychostimulants such as methamphetamine. Repeated treatment with methamphetamine causes long-lasting neuroadaptations within regions of the brain associated with reward (31) . Behavioral sensitization is a quantifiable measure of these neuroadaptations, and in this study, AZ66 attenuated the development of methamphetamine-induced behavioral sensitization. These results suggest that sigma receptors play a role in the establishment of sensitization and AZ66 may provide protective effects by blocking the evolution of neuroadaptations necessary for the development of behavioral sensitization. Neurons located in the ventral tegmental area (VTA) are believed to be responsible for the development of sensitization, and sigma receptors are widely distributed in the VTA (32) . A number of other sigma receptor ligands have previously been shown to attenuate the development of sensitization to psychostimulants (21, 22, 24, 33, 34) ; however, the mechanism by which these events occur remains largely unknown.
Sigma receptors are involved in several aspects of neuroplasticity, including neurite outgrowth, and sigma receptor ligands modulate these processes (35) (36) (37) . The neurologic changes associated with augmented locomotor responses to repeated administrations of methamphetamine may occur through neuroplasticity mediated in part by sigma receptors. Sigma receptors modulate dopaminergic neurotransmission in a variety of ways through protein kinase C, calcium/calmodulin, and calcium signaling (38, 39) . Another potential mechanism by which sigma receptors may modulate neuroplasticity is through the phosphorylation of CREB (40) . CREB phosphorylation has been shown to be altered in discrete regions of the brain following methamphetamine-induced behavioral sensitization (41); however, the exact way in which this relates to behavioral consequences has yet to be determined. Other studies demonstrate close interactions between sigma receptors and the dopaminergic system in regions of the brain responsible for motor function, as well as sites likely responsible for the development of methamphetamine-induced behavioral sensitization (21, 32, (42) (43) (44) (45) .
In addition to blocking the development of behavioral sensitization, AZ66 significantly reversed the expression of methamphetamine-induced sensitization. Expression of sensitization is a clinically relevant behavioral paradigm that measures neuroadaptations that have already occurred after repeated methamphetamine exposures (46) . AZ66 blocked the expression of sensitization when administered on the challenge day (day 15), further implicating a role for sigma receptors in sensitization. While neurons located in the VTA are important for the development of sensitization, the nucleus accumbens (NAc) is an essential region responsible for the expression of sensitization (47) . Sigma receptor ligands have been shown to modulate dopamine uptake in the NAc (48) , and sigma receptors may play a role in the reinforcing effects of drugs of abuse by modulating dopamine levels in the NAc (49) . The ability of AZ66 to reverse the effects are most likely due to sigma receptor modulation of both dopamine transporters and dopamine levels in motor and limbic areas of the brain, specifically the NAc. Taken together, sigma receptors appear to have a modulatory role in both the development and expression of methamphetamineinduced sensitization. The majority of clinical research centered on drug addiction and dependence focuses on the removal of physical dependence and withdrawal syndromes, neglecting the core symptoms of addiction and molecular etiology of the disease. Sigma receptors represent a novel strategy to understanding the molecular basis of drug addiction and may represent a plausible site for pharmacological intervention.
CONCLUSION
Data from radioligand binding studies and metabolism studies demonstrate that AZ66 is a sigma receptor preferring ligand with a favorable pharmacological profile. Moreover, AZ66 provides protection against acute and adaptive behavioral effects of methamphetamine while having no effects on its own. Although additional studies need to be conducted in order to further characterize AZ66 as a potential medication, the data presented herein support a role for sigma receptors in the acute and subchronic behavioral effects of methamphetamine.
